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Creating next-generation pyrotechnic emitters capable of dynamically controllable light output requires a 
paradigm shift away from emission control via formulation. This work demonstrates the ability to 
modulate light emission intensity of a pyrotechnic flame with 2.46 GHz microwave energy within a 
multimodal cavity. Stoichiometric mixtures of three pyrotechnic systems are investigated: magnesium 
fuel with oxidizers of NaNO3, KNO3, or CsNO3. Using time-resolved visible and infrared emission 
spectroscopy and high-speed color videography, microwave illumination of flames is found to produce 
enhanced atomic photo emission from the alkali species. Emission increases of up to ~120% are 
demonstrated, which are predominantly in the visible and near-infrared wavelengths and have little effect 
on flame emission chromaticity. At near- and mid-IR wavelengths, gray body continuum enhancement is 
observed with moderate enhanced emission from CO2 and H2O bands. Sustained light emission from 
microwave illumination of combustion products long after pyrotechnic extinguishment was also 
demonstrated. A simplified model of microwave-enhanced visible and near-IR emission is presented and 
shown to be consistent with the observed trend of elevated emission enhancement for lower wavelength 
alkali transitions. Sensitivity analysis is performed which suggests a lower equilibrium population of 
electronically excited alkali atoms is primarily responsible for maximizing the degree of light emission 
enhancement of applied microwave fields, especially in extinguished low-temperature pyrotechnic 
plumes. These findings suggest microwave illumination of alkali-containing pyrotechnic flames may be a 
useful strategy to achieve dynamic control of light emission intensity. 
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a b s t r a c t 
Creating next-generation pyrotechnic emitters capable of dynamically controllable light output requires a 
paradigm shift away from emission control via formulation. This work demonstrates the ability to modu- 
late light emission intensity of a pyrotechnic flame with 2.46 GHz microwave energy within a multimodal 
cavity. Stoichiometric mixtures of three pyrotechnic systems are investigated: magnesium fuel with ox- 
idizers of NaNO 3 , KNO 3 , or CsNO 3 . Using time-resolved visible and infrared emission spectroscopy and 
high-speed color videography, microwave illumination of flames is found to produce enhanced atomic 
photo emission from the alkali species. Emission increases of up to ~120% are demonstrated, which are 
predominantly in the visible and near-infrared wavelengths and have little effect on flame emission chro- 
maticity. At near- and mid-IR wavelengths, gray body continuum enhancement is observed with moderate 
enhanced emission from CO 2 and H 2 O bands. Sustained light emission from microwave illumination of 
combustion products long after pyrotechnic extinguishment was also demonstrated. A simplified model of 
microwave-enhanced visible and near-IR emission is presented and shown to be consistent with the ob- 
served trend of elevated emission enhancement for lower wavelength alkali transitions. Sensitivity anal- 
ysis is performed which suggests a lower equilibrium population of electronically excited alkali atoms 
is primarily responsible for maximizing the degree of light emission enhancement of applied microwave 
fields, especially in extinguished low-temperature pyrotechnic plumes. These findings suggest microwave 
illumination of alkali-containing pyrotechnic flames may be a useful strategy to achieve dynamic control 
of light emission intensity. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
1. Introduction 
Microwave coupling to pyrotechnics provides an intriguing 
possibility for control of light emission, with applications in- 
cluding enhanced brightness battlefield illuminants, dynamically 
controlled strobe formulations, and ‘smart’ flares with dynamically 
controlled color or color ratio. Conventional strategies require 
tailoring the composition to include various colorant additives 
(e.g., nitrate salts of barium, sodium, or strontium), selection of 
formulations with unsteady combustion, or other methods to 
achieve the desired wavelength, color purity, and intensity [1] . 
This approach can be laborious and offers no real time control. 
Moreover, light-emission design through formulation can result in 
hazards, as many colorants and additives commonly used today 
(e.g., perchlorates, heavy-metals, strontium additives, and barium 
∗ Corresponding author. 
E-mail address: stuartb@iastate.edu (S.J. Barkley). 
additives) produce toxic or environmentally hazardous products 
[2] . New strategies are needed for producing high color purity and 
high radiance emitters, while also reducing fabrication complexity 
and the use of hazardous or regulated emitter ingredients. 
This proposed technique draws heavily from historical efforts 
to enhance and control hydrocarbon flames using sub-breakdown 
electric fields, a well-reviewed topic within plasma-assisted com- 
bustion research [3 , 4] . In particular, high-frequency electric fields 
(e.g., MHz and above at atmospheric pressures), have been used to 
improve igniters and enhance flame speed [3] . In these gas-phase 
systems, field energy is primarily deposited to free electrons, the 
only charged species able to gain and transfer momentum in phase 
with the alternating electric field. The intricate balance of elec- 
tron heating and relaxation by atomic and molecular collisions is 
characterized by the Boltzmann equation, ultimately enabling non- 
equilibrium populations of excited state neutrals [5–7] . Herein, we 
refer to this approach as weak microwave induced plasma (WMIP), 
which is similar to conventional MIP but generated by relatively 
https://doi.org/10.1016/j.combustflame.2020.11.005 
0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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Symbols 
Experimental 
E e relative spectral irradiance 
E e, total time-integrated relative spectral irradiance 
m sample pyrotechnic article mass 
F s spectrometer sampling frequency 
T adiabatic adiabatic pyrotechnic temperature 
X i , Y i , Z i tristimulus values 
x̄ , ȳ , z̄ CIE 1931 color-matching functions 
Constants 
ε 0 vacuum permittivity 
m e electron mass 
k b Boltzmann constant 
h Planck’s constant 
Two-level alkali emission 
A 21 spontaneous emission rate 
f 12 oscillator potential 
g 1 , g 2 alkali degeneracies 
λ, λ21 wavelength, line-center wavelength 
ν, ν21 frequency, line-center frequency 
N 1 , N 2 alkali number density, ground & excited state 
φν spectral line shape function 
ν line shape full width half max 
k ν spectral absorption coefficient 
τ optical depth 
Model 
ε(s ) emission coefficient 
T (s ) optical transmittance 
E(s ) RMS electric field 
s plume depth coordinate 
δ plume skin depth 
L maximum plume depth 
K M+ , K M− alkali-neutral rates 
K E+ , K E− electron-neutral rates 
P 1 , P 2 , P 3 electron-alkali excitation quadratic coeffi- 
cients 
Q 1 , Q 2 electron-alkali quenching coefficients 
X e , X mol , X alk electron, molecule, alkali mole fractions 
σA alkali-nitrogen quenching cross-section 
μe f f alkali-nitrogen effective mass 
α0 plume attenuation coefficient ˜ μ0 plume complex index of refraction 
n 0 , n amb total number density, plume and ambient 
T 0 , T amb gas temperature, plume and ambient 
weak (sub-breakdown) electric fields. For alkali-pyrotechnics, early 
research confirmed that visible and near-infrared (VIS/NIR) emis- 
sion is dominated by spontaneous emission from electronically ex- 
cited alkali atoms [8–12] , making the WMIP approach relevant for 
these systems. While direct electron collisions are thought to be 
the primary pathway for producing excess alkali emitters, indi- 
rect production by collisions with other excited molecules, like 
electronically-excited metastable nitrogen, may play a role [13] . 
Beyond gas-phase flames, energetic materials and their mul- 
tiphase products have demonstrated a variety of pathways for 
electric-field enhancement. Application of microwave fields to alu- 
minized solid propellants containing low ionization energy dopants 
(e.g., NaNO 3 16 wt.%) have been shown to increase the atmospheric 
pressure burning rate by up to 60%. The ability of the WMIP hy- 
pothesis to be applied to these materials was bolstered by direct 
measurements of non-equilibrium sodium temperatures [14] . Still, 
the burning rate enhancement of a propellant can also result from 
microwave energy transfer through other mechanisms, including 
(1) dielectric thermal runaway of metallic oxide combustion prod- 
ucts [15] , and (2) dielectric heating of the condensed-phase pro- 
pellant reactants. Microwave energy transfer to condensed phase 
reactants of energetic materials containing electrically conductive 
phases (e.g., metal fuels) is expected to be higher due to eddy cur- 
rent heating [16] , which, for metal spheres, is a function of the 
particle size and microwave penetration depth [17 , 18] . In order to 
improve microwave absorption of most non-metallized energetic 
materials [19–21] , additives with high dielectric loss have been in- 
cluded [22 , 23] . 
While both the gaseous and condensed phases provide path- 
ways for energy deposition via high-frequency fields, there are 
significant obstacles to realizing enhancement with microwaves. 
Chiefly, the microwave frequency range (~1–10 GHz) resides be- 
low typical plasma frequencies for adiabatic combustion of al- 
kali pyrotechnics (~0.1–1 THz), which limits microwave penetra- 
tion to the outer regions of pyrotechnic plumes where air entrain- 
ment reduces the temperature, alkali density, and electron density. 
Additionally, to sustain a non-equilibrium population of emitters, 
the electron-alkali excitation rate must exceed the efficient alkali- 
molecular quenching processes [24] . Finally, while the high con- 
centrations of alkali species may be expected to yield substantial 
increases in the alkali atomic emission, this may be offset by self- 
absorption of emitted radiation which has been well documented 
in sodium lamps and alkali-pyrotechnics [ 8–12 , 25] . Self-absorption 
is mitigated by resonant atomic broadening, which shifts emission 
wavelengths to regions far from line center with less absorption 
[25] . Thus, the degree of light emission enhancement that can be 
expected from application of an electromagnetic field to an alkali 
pyrotechnic flame remains an open question. 
Modeling of emission in alkali-magnesium pyrotechnics has 
been performed, but only under the strict conditions of Boltz- 
mann (electronic), Saha (ionic), and Planck (optical) equilibrium 
[8–11] . Still, relaxing these assumptions has become common- 
place in plasma modeling [26] , and provides a framework for 
inclusion in pyrotechnic emission models. First, Boltzmann non- 
equilibrium, both in the electron and excited-state alkali species, 
must be accounted for. Rate coefficient data for alkali excita- 
tion and quenching in molecular gases is well known [24] , and 
the rates of electron-alkali excitation and super-elastic collisions 
can be computed using a Boltzmann solver with the appropri- 
ate electron-alkali cross-section data [27] . Second, deviations from 
Saha equilibrium sufficient to cause electrical breakdown are pos- 
sible but are not typically desired for free-space combustion en- 
hancement. Finally, Planck non-equilibrium, the imbalance of ab- 
sorption and emission, while inevitable, requires solution of the 
radiation-transfer equation. 
Given the possible limitations of coupling microwaves to py- 
rotechnics, demonstrating the extent to which light emission can 
be augmented in alkali pyrotechnics is a critical task. Additionally, 
development of an initial model of WMIP enhancement for py- 
rotechnic emission is necessary to test this hypothesis and analyze 
the experimental results. Thus, we explore interactions of 2.46 GHz 
microwave energy with three magnesium-based pyrotechnics, each 
containing alkali nitrate oxidizers of sodium, potassium, or cesium. 
Small pyrotechnic articles are fabricated and burned inside of an 
870 W, 60-Hz modulated, multimode microwave cavity. The effects 
of microwave illumination on flame emission are probed using op- 
tical diagnostics, including VIS/NIR and infrared (IR) emission spec- 
troscopy, and color high-speed imaging in order to gain insight 
into the effects of microwave illumination on an alkali-pyrotechnic 
flame. These results are compared with a preliminary model for 
microwave enhancement in a model pyrotechnic plume, to deter- 
mine the extent to which the WMIP pathway can replicate exper- 
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imental VIS/NIR emission enhancement. Additionally, perturbation 
analysis is used to identify a possible explanation for the variation 
in enhancement observed between alkali species. 
2. Experimental and computational methods 
2.1. Equilibrium chemical calculations 
Chemical equilibrium calculations were conducted to identify 
ion and electron populations, adiabatic flame temperatures, and 
condensed-phase flame products in each alkali-nitrate formula- 
tion. The NASA Chemical Equilibrium with Applications (CEA) code 
[28] was used to make thermochemical predictions at sea-level 
atmospheric conditions (1 atm, 10 wt.% excess air). In these cal- 
culations, the assumed heat of formation of the epoxy binder 
(Epon/Versamid; H 98 C 83 O 14 N 4 ) was −36 6 6 kJ-mol −1 . All calcula- 
tions were conducted with ion chemistry enabled. 
2.2. Pyrotechnic manufacture 
The pyrotechnic formulations used in this study consisted 
of magnesium (Firefox; 190–325 mesh), one of three different 
alkali nitrate oxidizers, and the aforementioned epoxy binder. 
All compositions were formulated for stoichiometric combus- 
tion in order to achieve maximum equilibrium flame temper- 
atures. Alkali nitrate oxidizers used in formulations consisted 
of one of the following: sodium nitrate (Hummel Croton Inc., 
MIL-S-322C, Grade B, Mg/NaNO 3 /epoxy: 45.6/49.4/5 wt.%); potas- 
sium nitrate (Hummel Croton Inc., MIL-P-156B, Mg/KNO 3 /epoxy: 
42.8/52.2.4/5 wt.%); or cesium nitrate (American Elements En- 
gineering, Mg/CsNO 3 /epoxy: 28.5/66.5/5 wt.%). The epoxy binder 
used was a two-part thermoset-epoxy consisting of 70 wt. % Epon- 
813 and 30 wt.% Versamid-140. All pyrotechnic compositions were 
hand-mixed in a grounded pan using a metal spatula in quantities 
of 10 g or less. First, the fuel and binder were hand-mixed until 
homogeneous. Oxidizer was then blended into the fuel/binder pre- 
mixture. The composition was again hand-mixed until homoge- 
neous. To achieve the desired consolidation density, reactive com- 
positions were shim-pressed in a 6 mm diameter circular die to a 
nominal length of 9 mm using a Carver 12-ton press and a dwell 
time of approximately 10 s. Prior to combustion, pellets were in- 
hibited with an acrylic lacquer to prevent flame spread down the 
sides of the pellet. 
2.3. Microwave combustion cavity 
A multimode microwave cavity ( Fig. 1 a) connected to an 870 W, 
~2.46 GHz magnetron and a high-voltage power supply modu- 
lated at 60 Hz (50% duty cycle) was used for experiments. The 
pyrotechnic was placed in an electric-field (E-field) antinode atop 
a microwave-transparent polytetrafluoroethylene (PTFE) block. The 
location of the field antinode was verified both experimentally and 
by numerical simulation. Experimentally, the E-field antinode lo- 
cation was found by imaging a liquid crystal film placed at various 
locations within the unloaded cavity during microwave application. 
The E-field distribution within the cavity was also determined by 
modeling the cavity using COMSOL Multiphysics 5.1 ( Fig. 1 b). The 
E-field strength in the volume occupied by the pyrotechnic flame 
was estimated via dielectric heating of a 100 cm 3 vol. of water ac- 
cording to the National Bureau of Standards procedure [29] , yield- 
ing an average electric field strength of 2.1 ± 0.1 kV/m within 
the antinode of interest. Samples were microwave-ignited using an 
electromagnetically absorbing thin film (polyester/vapor deposited 
aluminum film), which was placed on the top of pyrotechnics 
and heated until ignition. For baseline experiments (without mi- 
crowave), the pyrotechnic composition was ignited directly using a 
hot wire ignition source. 
2.4. Combustion diagnostics 
A Phantom v7.0 color complementary metal-oxide semiconduc- 
tor (CMOS) camera and Canon zoom lens were used to capture 
high-speed video of the pyrotechnic combustion (500 Hz, 10 to 
100 μs exposure, Fig. 1 a). To monitor the VIS/NIR spectral emission, 
an Ocean Optics USB40 0 0 spectrometer (20 0 to 900 nm, 25 μm 
slit, 600 lines/mm, ~100 Hz, 10 ms integration time) was used 
with an OceanOptics multimode fiber (400 μm diameter, P400–
0.25-SR). Light was collected onto the fiber end using a cosine cor- 
rector (OceanOptics, CC-3-UV-S) to capture a large field of view 
within the white (optically reflective) microwave cavity. Prior to 
testing, the VIS/NIR spectrometer was calibrated using a deuterium 
tungsten-halogen light source (OceanOptics, DH-20 0 0-CAL) to cor- 
rect for detector responsivity and achieve relative spectral irradi- 
ance measurements. Emission spectra were post-processed using 
MATLAB to correct for dark noise level and detector responsiv- 
ity. From calibrated spectra, measures of time-integrated spectral 
emission were calculated as 
E e, total ( λ) = 
1 
m sample F s 
n ∑ 
i =1 
E e ( λ, t i ) , (1) 
Where E e, total (λ) is the time-integrated relative spectral irradi- 
ance per gram pyrotechnic for the entire burn (arb. units per 
gram), m sample is the pyrotechnic article mass, F s is the spectrom- 
eter sampling frequency, E e ( λ, t i ) is the relative spectral irradi- 
ance, λ is wavelength, and t i is experimental time. A measure of 
time-integrated emission is calculated by numerically integrating 
E e, total (λ) over all wavelengths between 400 and 880 nm. Emis- 
sion outside of this spectral range suffered low signal to noise lev- 
els and was omitted from the analysis. 
The dominant visible wavelengths from the pyrotechnic flame 
emission were calculated for comparison on a CIE 1931 chromatic- 
ity diagram. In doing so, the procedure of Ref. [30] was followed. 
Briefly, tristimulus values for each spectrum in the time series, 
X i ( t i ) = 
∫ ∞ 
λ=0 




E e ( λ, t i ) ̄y ( λ) d λ Z i ( t i ) = 
∫ ∞ 
λ=0 
E e ( λ, t i ) ̄z ( λ) d λ (2) 
were calculated, where X i ( t i ) , Y i ( t i ) , and Z i ( t i ) are the tristimulus 
values of the relative spectral irradiances in the time series, and 
x̄ (λ) , ȳ (λ) , and z̄ (λ) are the CIE 1931 two-degree field of view 
color-matching functions. The chromaticity coordinates, x i ( t i ) and 
y i ( t i ) of each spectrum in the time series are then calculated as 
x i ( t i ) = 
X i ( t i ) 
X i ( t i ) + Y i ( t i ) + Z i ( t i ) 
y i ( t i ) = 
Y i ( t i ) 
X i ( t i ) + Y i ( t i ) + Z i ( t i ) 
. (3) 
To capture the infrared emission spectra, a Spectraline ES200 
IR spectrometer (1.2 to 5.5 μm, 1320 Hz, ~0.03 μm resolution) 
was used. The collection angle of the spectrometer is 0.5 ° and 
captured an approximately 0.5 mm wide by 6 mm tall area at 
the experimental distance. This sampling volume was positioned 
25 mm above the pyrotechnic sample. As such, unlike visible spec- 
tra, which are representative of entire flame emission, IR emission 
spectra are from a small volume above the pyrotechnic article and 
not representative of the entire flame. Prior to use, the IR spec- 
trometer was calibrated using a gray body source placed at the ex- 
perimental observation distance to produce measures of absolute 
irradiance. IR emission was post-processed in MATLAB to calculate 
time-integrated emission. The rise time of the E-field is expected 
to be short (on the order of milliseconds or less), which is much 
shorter than UV/VIS instrumentation that is used to assess the de- 
gree of light emission enhancement. 
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Fig. 1. (a) Schematic of the experimental setup of the microwave cavity. Experiments were monitored with a color high-speed camera and two spectrometers (VIS/NIR and 
IR). (b) Distribution of the mean electric field strength simulated using COMSOL within the microwave chamber. The red circle indicates the location of the pyrotechnic 
flame, which is located at an E-field antinode with an average field strength of 2.1 ± 0.1 kV/m in a 100 cm 3 vol. of water. 
2.5. Microwave-enhanced (VIS/NIR) emission model 
Comprehensive modeling of microwave-enhanced pyrotechnics 
is a formidable challenge. A high-fidelity approach would require 
coupling radiation-transfer, electric field propagation, chemically 
reacting fluid dynamics, and non-equilibrium electron kinetics, 
covering a vast range of timescales over multiple dimensions. As 
a first step, we introduce a collisional-radiative model with the 
minimum components needed to capture the proposed WMIP ef- 
fect for atomic alkali emission in quasi-steady state over plasma 
and optical timescales ( ≈ 0 . 5 − 50 ns ) . This requires solving a radi- 
ation transfer equation where both the emission rate and probabil- 
ity of radiation escape vary as a function of distance into a model 
plume. The emission coefficient varies according to a kinetic rate 
balance regulated by the local electric field strength, which in turn 
is determined from the penetration characteristics of an applied 
microwave field. The result is a spectrally-integrated solution for 
radiance emitted perpendicular to the plume surface. Ratios of ra- 
diance with and without applied fields are then directly compared 
to ratios of irradiance in experiments computed in Eq. (1) . 
Four key assumptions were necessary to simplify the dimen- 
sions and number of required parameters; the rationale for these 
assumptions are discussed in Appendix A. They are: (1) Except for 
alkali species, the plume is treated as a homogenous and quies- 
cent post-combustion zone with a prescribed temperature and al- 
kali mole fraction deviating from CEA equilibrium, with a hard in- 
terface to the ambient environment; (2) the microwave field does 
not significantly perturb the plume from Saha equilibrium or in- 
crease the plume temperature; (3) Planck equilibrium is main- 
tained within the plume such that only a minor fraction of radi- 
ation escapes and is ultimately detected; and (4) the rates of alkali 
absorption and emission are negligible compared to kinetic path- 
ways. As heat and mass transfer from entrained air are expected, 
the plume temperature T 0 and alkali mole fraction X alk are left as 
parameters to represent the conditions for the outer layer of the 
plume, averaged over time and plume surface. 
For a single atomic alkali transition or doublet, the resulting ra- 
diance is a convolution integral of the rate of radiant energy emis- 
sion and the frequency-integrated probability of photon escape 
from the plume. Integrating from the plume center line ( s = L ) to 




ε ( s ) T ( s ) ds (4) 
where: s is the normalized plume depth described graphically in 
Fig. 2 , I is the radiance ( W m −2 s r −1 ) at the surface of the plume; 
ε(s ) is the volumetric emission coefficient ( W m −3 s r −1 ) at a given 
depth; L is the width of the plume slab; and T (s ) is the trans- 
mittance, or normalized probability of photon escape to s = 0 . A 
sample configuration is shown in Fig. 2 , where the field strength, 
transmittance, and emission coefficient all decline until a critical 
depth s = δ, or skin depth, where the field effect becomes negligi- 
ble. 
The derivation of transmittance is described in Appendix B, 
which relies on the presence of resonant line broadening reviewed 
by de Groot and Vliet [25] , and the frequency-averaged escape fac- 
tors reviewed by Drawin and Emard [31] . The result depends only 
on the depth, s , and the wavelength λ. 








For Eq. (4) , the integration of s < λ/ 4 π can be neglected, as L 
λ. The emission coefficient is obtained by 
ε ( s ) = A 21 hν
4 π





2 πe 2 





N 2 (6) 
where A 21 is the coefficient for spontaneous emission, g 1 / g 2 is 
the ratio of ground to excited state degeneracies, ν is the pho- 
ton frequency, f 12 is the oscillator potential, and N 2 is the non- 
equilibrium excited-state alkali population. The emission coeffi- 
cient for sodium and potassium doublets were computed as sin- 
gle transitions. For cesium, only the higher-energy transition, Cs 
6P(3/2), was measured and simulated. The local N 2 population is 
obtained using assumption (4), which neglects emission and ab- 
sorption in the steady-state rate balance 
N 2 ( s ) = N 1 K M+ X mol + K E+ ( s ) X e 
K M−X mol + K E−( s ) X e 
(7) 
where N 1 is the ground state alkali density, K M+ and K M− are the 
respective rate coefficients for alkali-neutral excitation and quench- 
ing, K E+ and K E− are the same but for alkali-electron rates, X mol is 
the mole fraction of molecular background gas, and X e is the mole 
fraction of free electrons. N 1 is defined through the parameter for 
alkali mole fraction X alk . The electron mole fraction, X e , is obtained 
through Saha equilibrium, and X mol is set by CEA equilibrium cal- 
culations shown in Table 1 . Out of necessity, the quenching rate of 
409 
S.J. Barkley, J.E. Lynch, E.J. Miklaszewski et al. Combustion and Flame 225 (2021) 406–416 
Fig. 2. Example configuration of the homogenous plume model with an incident electric field propagating left to right, perpendicular to the plume surface. Radiance is 
computed at surface, s = 0 , simulating light available for detection. 
Table 1 
Equilibrium predictions of adiabatic flame temperature and prevalent charged/neutral combustion species of experimental compositions using CEA. Calculations assume 
atmospheric pressure with 10 wt.% air, and the most prevalent species are noted. For the emission model in Sections 2.5 & 3.4 , the gas mixture was derived from normalizing 
the most prominent gases. 
Formulation Mg/NaNO 3 /epoxy (45.6/49.4/5 wt. %) Mg/KNO 3 /epoxy (42.8/52.2/5 wt. %) Mg/CsNO 3 /epoxy (28.5/66.5/5 wt.%) 
T adiabatic (K) 3088 3055 2943 
Cations (mol.%) Na + - 0.03 K + - 0.10 Cs + - 0.17 
e − (mol.%) 0.03 0.10 0.17 
Neutral Gas- 64.8 65.4 68.6 
Phase species Na - 15.7 N 2 - 15.9 N 2 - 18.1 
(mol.%) N 2 - 15.6 Mg - 15.3 Mg - 15.1 
Mg - 13.4 K - 14.2 Cs - 12.3 
CO - 7.1 CO - 7.9 CO - 11.4 
Condensed-phase species (mol.%) MgO (cr) −35.2 MgO (cr) −34.5 MgO (cr) −31.2 
all molecular species is assumed to match that of molecular nitro- 
gen, which is already a sizeable fraction of the mixtures shown in 
Table 1 . Because all the alkali-molecule interactions are treated as 
alkali-nitrogen, the effect of air entrainment on Eq. (7) is contained 
implicitly in the free parameter X alk and its relationship with X mol . 
At flame and pyrotechnic temperatures, the quenching rate K M−
approaches the thermal limit 
K M− = σA 
√ 
8 k b T 0 
πμe f f 
(8) 
where σA is a cross section specific to each alkali, and μe f f is the 
effective reduced mass of the alkali species with N 2 [24] . The com- 
plementary excitation rate K M+ is then constrained by the require- 
ment of detailed balance. Using Maxwell-Boltzmann statistics, an 
Arrhenius expression for K M+ can be obtained 




8 k b 













k b T 0 
)
. (9) 
The electron-alkali rate coefficients K E+ and K E− are determined 
from the BOLSIG + code, which uses a two-term approximation 
to the Boltzmann equation to solve for the non-equilibrium elec- 
tron energy distribution with an applied field effects [27] . Cross- 
sections for equilibrium products are obtained from the LXCat 
database for N 2 [32] , CO [33] , and Mg [34] , which are used to ap- 
proximate non-alkali combustion products. Alkali cross sections for 
elastic, excitation, and ionization are obtained for sodium, potas- 
sium, and cesium [35–37] . The resulting rates are computed as 
functions of the reduced root-mean square (RMS) electric field 
( E/ n 0 , units of Td) and fitted to quadratic and logarithmic func- 
tions of electric field magnitude E(s ) once total number density 
inside the plume n 0 is known. 
K E+ = P 1 E ( s ) 2 + P 2 E ( s ) + P 3 , K E− = Q 1 + Q 2 ln (E ( s ) ) (10) 
The microwave field solution E(s ) is computed using Fresnel 
equations for an electric field in air incident on an absorbing 
medium: 
E ( s ) = E ( 0 ) 
[
2 
1 + | ̃  μ0 | 
]
exp ( −s α0 ) (11) 
where E(0) is the incident RMS electric field magnitude, deter- 
mined from the parameter for applied reduced field ( E RMS / n amb ) in 
the cavity outside the plume. The magnitude of the complex index 
of refraction | ̃  μ0 | and attenuation coefficient α0 are calculated for 
plume conditions using the equations for collisional plasmas listed 
by Laroussi [38] , where electron collision frequency is estimated 
from BOLSIG + results. 
A complication of using the BOLSIG + solver is that K E+ curve 
fits are typically invalid below 10 to 20 Td. This occurs when the 
field strength becomes negligible and thermal electrons become 
the dominant source of excitation. The reduced field where this 
transition occurs (defined as ( E/ n 0 ) 
∗) , can be obtained by inspec- 
tion of Eq. (10) . The skin depth s = δ of this transition to a zero- 
field regime is found by manipulation of Eq. (11) . 




( E/ n 0 ) 
∗









Where the minimum skin depth for is δ = λ/ 4 π ≈ 0 . Then 
Eq. (4) for total radiance can be solved piecemeal with Eqs. (5) - 




ε ( s ) T ( s ) ds + ε ( δ) 
∫ L 
δ
T ( s ) ds . (13) 
Finally, the ratio of radiance with and without microwave ap- 
plication can be obtained as 
R = 
∫ δλ/ 4 π ε ( s ) T ( s ) ds + ε ( δ) ∫ L δ T ( s ) ds 
ε ( 0 ) ∫ L λ/ 4 π T ( s ) ds 
, (14) 
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Table 2 
Electronic transitions of prevalent gas-phase atoms observed in Mg/alkali-nitrate flames [39] . 
Species Wavelength (nm) Transition Spontaneous Emission Rate, A ki (10 
8 s −1 ) Transition Energy (eV) 
Cs I 852.1 6s-6p 0.328 1.455 
Na I 819.1 3p-3d 0.495 1.514 
K I 767.6 4s-4p 0.385 1.615 
Na I 589.2 3s-3p 0.615 2.104 
Mg I 517.8 3s3p-3s4s 1.040 2.394 
where the primary unknown parameters are E RMS / n amb , T 0 , and 
X alk . 
3. Results and discussion 
3.1. Equilibrium chemical calculation 
The predicted adiabatic flame temperature (T adiabatic ) and preva- 
lent ion and neutral product species of the three pyrotechnic for- 
mulations investigated are shown in Table 1 . Stoichiometric for- 
mulations of Mg/alkali nitrate systems were found to maximize 
predicted free electron and ion concentration due to high flame 
temperature. In addition to maximizing free electron populations, 
the predicted equilibrium products contain several neutral atomic 
gas species with low ionization and low energy electron transi- 
tions (e.g., Na, K, Cs, Mg). From the list of major atomic gas-phase 
species, transitions with the highest spontaneous emission rates 
are listed in Table 2 . Only Mg I (517.8 nm) and Na I (589.2 nm) 
are transitions with high spontaneous emission rates that are in 
the visible spectrum, while Cs I (852.1 nm) and K I (767.6 nm) 
are transitions with high spontaneous emission rates in the NIR 
spectrum. Equilibrium calculations indicate that combustion prod- 
ucts at adiabatic flame temperature consist of both vapor-phase 
and condensed-phase species. Contrary to gas phase species, con- 
densed phase species are expected to undergo sensible enthalpy 
change proportional to species’ dielectric loss characteristics when 
subjected to microwave illumination. The product composition also 
consists of 1.0 to 3.1 mol.% vapor phase MgO and 31.2 to 35.2 mol.% 
MgO (cr) . As discussed previously, the presence of both condensed 
phase and gas phase species are important in consideration elec- 
tric field interaction, as energy absorption by condensed phase 
is typically by dielectric modes and energy absorption by gas 
phase species typically occurs by electronic modes. The major neu- 
tral gas-phase species shown in Table 1 were used in the 1-D 
microwave-enhanced emission model. 
3.2. Microwave effects on flame structure 
Image sequences ( Fig. 3 ) and the supplemental video show 
an example of the effect of modulated microwave illumination 
on the flame structure of a Mg/KNO 3 /epoxy pyrotechnic. Without 
microwave illumination, the primary flame intensity varies with 
a visible flame height between 1 and 1.5 cm. With microwave 
illumination, flame emission and size modulate in phase with the 
application of electromagnetic field (60 Hz duty cycle). During the 
microwave illumination period emission intensity increases and 
the flame volume grows. The emission region grows to 3 to 4 cm 
in height from the burning surface. The emission enhancement of 
the flame is expected, in part, from the high alkali metal content 
of the formulations, which results in emission from low-lying 
electronic states [8–12] . For all formulations tested, microwave 
field application increased both the visible flame volume and 
emission intensity. 
For all pyrotechnic systems evaluated, sustained visible light 
emission after pyrotechnic flame extinguishment was also ob- 
served. The resulting post-combustion emission, shown in Fig. 4 , 
Fig. 3. Image sequence of the Mg/KNO 3 /epoxy pyrotechnic combustion with (top) 
and without (bottom) microwave illumination, where the microwave field is si- 
nusoidally modulated at 60 Hz. During the microwave illumination period, flame 
growth and emission increase can be seen above the main flame. Both images are 
taken with the same exposure and frame rate (20 μs, 500 Hz). 
Fig. 4. Image sequence of the microwave field enhancement of Mg/NaNO 3 /epoxy 
post-combustion products where the microwave field is sinusoidally modulated at 
60 Hz. The pyrotechnic article is out of view in these images. 
occurs near the top of the multimodal cavity at a probable E-field 
antinode. The post-combustion products continue to emit periodi- 
cally in phase with the 60 Hz microwave field modulation for long 
durations of time (~10 s or longer after pyrotechnic extinguish- 
ment). 
3.3. VIS/NIR spectral emission enhancement 
Time-resolved VIS/NIR emission spectra from combustion of 
Mg/NaNO 3 /epoxy pyrotechnics are shown in Fig. 5 . As compared 
to non-microwave illuminated conditions, significant atomic emis- 
sion enhancement is detected. For the Mg/NaNO 3 /epoxy system, 
enhanced emission was observed at the expected atomic emission 
lines at 589 nm (Na I, 3p-3 s), 819 nm (Na I, 3d-3p), 568 nm (Na 
I, 4d-3p), 615 nm (Na I, 5s-3p), 670 nm (Li I, 2p-2 s), 766 nm (K 
I, 4p-4 s), and 850 nm (Cs I 6p(3/2) −6 s). Emission from Li I, K I, 
and Cs I seen in the Mg/NaNO 3 /epoxy system is likely due to con- 
tamination in the microwave cavity from prior experiments. 
The typical combustion duration for each pyrotechnic experi- 
ment was approximately four seconds with microwave illumina- 
tion and five seconds without microwave illumination. Emission 
from the sustained post-combustion plasma can be seen in the 
right panel of Fig. 5 between experiment times of approximately 
five to fifteen seconds. The post-combustion emission from the 
Mg/NaNO 3 /epoxy system is primarily from atomic sodium emis- 
sion (Na I, 3p-3 s). This effect was also observed in the other two 
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Fig. 5. Time histories of Mg/NaNO 3 /epoxy pyrotechnic combustion emission from the baseline condition (no microwave, left) and with microwave illumination (right). 
Continuous emission from the atomic species long after pyrotechnic extinguishment can be seen (~5–15 s) as a result of microwave illumination of combustion products. 
Spectra intensities are normalized based on detector exposure time such that intensities of the two experimental trials are relative to each other. 
Fig. 6. (a) Time-integrated, relative spectral irradiance of each pyrotechnic during combustion, both with and without microwave illumination in arb. units per gram py- 
rotechnic reagent. Species responsible for strong electronic transition features observed in VIS/NIR emission are noted. Increased emission from atomic transitions can be 
seen with illumination. Some atomic emission enhancement is also observed from contaminant alkali species that are present in the multimode microwave cavity which are 
excited during combustion and microwave illumination (e.g., Li, Na, K, and Cs). Spectra intensities are all relative and spectra from each formulation are offset for clarity. (b) 
Typical emission spectral features from Mg/NaNO 3 /epoxy pyrotechnic combustion with and without microwave. 
alkali-nitrate pyrotechnic formulations, but to a lesser extent. In 
all formulations, atomic emission enhancement primarily occurs 
from the lowest energy electronic transition of the respective 
dopant alkali atom. By inspection of Eqs. (7) and (9) , it is apparent 
that without substantial electron-alkali excitation or continual 
heat transfer to maintain plume temperature, sustaining non- 
equilibrium excited-state alkali population N 2 is not possible. The 
long-duration sustained emission is therefore strong evidence that 
WMIP is directly responsible for generating increased excited-state 
alkali species, especially for post-combustion periods where the 
ratio of intensities is nearly infinite. 
Microwave illumination of other Mg/alkali nitrate pyrotech- 
nic systems resulted in atomic emission enhancements simi- 
lar to Mg/NaNO 3 formulations. These results are summarized 
in time-integrated, VIS/NIR spectral irradiance measures of the 
three pyrotechnic formulations ( Fig. 6 a). Similar to the sodium 
nitrate-based formulation, the majority of emission enhance- 
ment observed in both the potassium and cesium nitrate py- 
rotechnic formulations was due to enhanced emission from 
low energy electronic transitions from excited state alkali neu- 
trals (Mg/KNO 3 /epoxy: K I, 4p-4 s, and Mg/CsNO 3 /epoxy: Cs I, 
6p(3/2) −6 s). As expected, resonant broadening and self-absorption 
of the alkali resonance-line continuum is apparent ( Fig. 6 ) without 
microwave illumination. Self-absorption also occurs in microwave 
illuminated emission from all formulations, though is not apparent 
in time-integrated spectra of Fig. 6 a due to the additional emission 
contribution of the microwave-supported plasma that occurs after 
pyrotechnic extinguishment. Self-absorption and resonance broad- 
ening can be more clearly seen in typical time-resolved emission 
spectra from Mg/NaNO 3 /epoxy ( Fig. 6 b). 
Other, lower intensity peaks are also observed that correspond 
to additional electronic transitions of the alkali metals. These emis- 
sion features are noted in Fig. 6 a. Some atomic emission enhance- 
ment is also observed from contaminant alkali species that are 
present in the multimode microwave cavity which are excited dur- 
ing combustion and microwave illumination (e.g., Li, Na, K, and Cs). 
Even though equilibrium-predicted Mg populations are similar to 
those of alkali metals and spontaneous emission rates are even 
higher, little Mg I emission is observed for conditions with and 
without microwave illumination at the two transitions of interest 
(383.5 nm, 3s3p-3s3d and 517.8 nm, 3s3p-3s4s, shown in Table 2 ). 
We postulate that the higher transition energy of Mg I and shorter 
lifetime of Mg vapor due to oxidization contribute to lower Mg 
I emission. Additionally, little gray body continuum emission en- 
hancement is observed in VIS/NIR spectra even with high predicted 
concentration of condensed phase MgO; it is expected that within 
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Fig. 7. (a) Model results for ratio of radiance with and without applied microwave is shown ( Eq. (14) ). A best fit solution was found for incident RMS field strength of 42 
Td, alkali mole fraction of 6 vol.%, and temperature of 2725 K (blue). A high temperature case representative of CEA equilibrium conditions is also shown (red). Each case 
is plotted at line center λ21 , with perturbations in wavelength showing the local sensitivity from several terms in Eqs. (3) - (14) producing positive change with wavelength 
( λ+ ), the single term K M+ producing negative change ( λ−), and total change ( λ− and λ+ ). Experimental frequency-integrated irradiance ratios are also plotted, with error bars 
representing the standard deviation of three trials (green). Lastly, five of a set of eight simulations are shown covering the practical limits across the three major parameters 
(gray). (b) The enhancement ratio in (a) is computed for sodium over a range of temperature and field strength values. Contours representing the corresponding experimental 
value plus/minus one standard deviation are overlaid with simulations, along with the fitted temperature and field strength. 
the combustion plume, microwave absorption primarily occurs to 
the gas phase plasma. 
For pyrotechnic formulations investigated in this effort, mi- 
crowave energy is expected to be preferentially absorbed electron- 
ically to the gas-phase through inelastic electron-neutral collisions 
rather than dielectrically by the condensed-phase reactants. Some 
dielectric heating of the condensed phase does occur, however, as 
demonstrated by microwave-based auto-ignition of pyrotechnic ar- 
ticles which can be achieved after ~40 s of microwave illumination. 
Assuming pyrotechnic article microwave heating is spatially uni- 
form and assuming autoignition occurs between 467 °C and 565 °C 
[40] , and neglecting convective losses, we estimate the average 
microwave absorption of condensed phase reactants is 6.0 W to 
7.3 W. Much of the condensed phase reactant heating is expected 
to be a result of microwave loss in the metal nitrate. Studies on 
microwave sintering of Mg particles have found Mg heating to be 
slow (17.1 K/min, 1.0 kW multimodal cavity) [41] . The dielectric 
loss of the metal nitrate reagents used in this effort are expected 
to be higher than Mg particle heating, as the microwave heating 
rate of ammonium nitrate to ignition has been reported in liter- 
ature to be on the order of minutes (178.8 K/min, 1.1 kW single 
mode cavity) [21] . 
3.4. VIS/NIR emission enhancement mechanism 
In order to compare the proposed model to experimental re- 
sults, integration of the spectral irradiance from 400 to 880 nm 
in Fig. 6 was used to produce an estimate of the ratio of time- 
integrated irradiance with and without microwave exposure (green 
dots, Fig. 7 a). Surprisingly, this emission enhancement was found 
to correlate positively with shorter wavelength, higher energy, 
transitions. The pyrotechnic with the highest alkali transition en- 
ergy, NaNO 3 , yielded a ratio of 2.2, or 120% increase in time- 
integrated irradiance when microwaves were applied. Potassium 
and cesium cases experienced an average of 50% and 20% irradi- 
ance enhancements, respectively. These results were compared di- 
rectly to simulated ratios of radiance computed using Eq. (14) . 
Given the challenges in grounding simulation parameters (gas 
temperature T 0 , field strength E RMS / n amb , and alkali mole fraction 
X alk ) firmly in measurements, we instead show that a suitable pa- 
rameter set exists that can replicate all three alkali enhancement 
ratios simultaneously. Such a case was found for reduced field 
strength of 42 Td, plume temperature of 2725 K, and an alkali frac- 
tion of 6 vol.%, and is within experimental margin of error for all 
alkali species (blue dots, Fig. 7 a). This serves as an initial demon- 
stration of consistency for the WMIP model for pyrotechnic emis- 
sion enhancement. For comparison purposes, we also present cal- 
culations for the same case but with a gas temperature near CEA 
equilibrium temperatures (red dots, Fig. 7 a). 
As the reliance of Eq. (14) on wavelength (or transition en- 
ergy) could not be obtained by simple inspection of Eqs. (4) - (13) , 
the various wavelength dependencies within the model were ar- 
tificially perturbed from line center λ21 to identify the dominant 
terms (solid and broken lines, Fig. 7 a). To simplify the results, 
wavelength parameters λ− and λ+ were used to group terms with 
similar effects on emission enhancement. Specifically, the λ− group 
followed the experimental trend of diminishing enhancement with 
increasing wavelength, whereas λ+ opposed it. From initial calcu- 
lations, it was immediately clear that only the wavelength depen- 
dence of K M+ ( Eq. (9) ) contributed to λ−. The λ+ term contained 
all other wavelength dependencies, including: (1) calculation of 
transmittance via optical depth ( Eq. (5) ), (2) spontaneous emission 
coefficient ( Eq. (6) ), and (3) cross-sections for electron-alkali exci- 
tation, where cross-section curves were artificially shifted in en- 
ergy space to correspond to an alternate transition energy ( ε = 
hc/ λ+ ). The procedure for altering cross-sections does not ac- 
count for hypothetical changes in cross-section shape, however the 
curves are roughly comparable across alkali species, independent 
of transition energy. Finally, both λ+ and λ− were also varied to- 
gether to show the cumulative sensitivity to wavelength. 
With the results displayed in Fig. 7 a, a preliminary hypoth- 
esis can be constructed to explain why WMIP emission en- 
hancement in the VIS/NIR range is maximized for alkali species 
with shorter wavelength (higher-energy) transitions. Photons with 
shorter wavelengths ( Eq. (5) ) have a diminished probability of es- 
cape, which restricts the effect of any enhancement. Likewise, al- 
kali species with an increased energy threshold for electron-alkali 
excitation collisions K E+ plainly counters the ability of an electric 
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field to promote non-equilibrium emitters. The same can be said 
for emission coefficient, which increases the baseline emission rate 
independent of the microwave field by the third power of wave- 
length ( Eq. (6) ). Despite these effects, the model for enhancement 
is most sensitive to neutral-alkali excitation rate K M+ ( Eq. (9) ), 
which falls off exponentially for transition energies above the gas 
thermal energy ( hc/λ > k b T 0 ≈ 0 . 25 eV). The net effect is that K M+ 
falls off faster with lower wavelength than K E+ (whose rate is field- 
driven and not limited by equilibrium Maxwell-Boltzmann statis- 
tics). Hence, K E+ develops a proportionally larger effect than K M+ 
on emitter population N 2 (and hence, emission rate ε) through 
Eq. (7) . 
To further reinforce that this result is independent of parameter 
selection, simulations at line-center wavelength were conducted 
across a wide domain of parameter space ( T 0 = [ 240 0 , 30 0 0 ] K, 
X alk = [ 0 . 05 , 0 . 2 ] , E RMS / n amb , = [20, 45] Td), and five notable ex- 
amples of the eight combinations were plotted in the background 
of Fig. 7 a. These show that the general trend between the al- 
kalis hold for all but one case. The extraneous limit with very 
low enhancement was a result of strong shielding properties ( T 0 = 
30 0 0 K, X alk = 0 . 20 , E RMS / n amb , = 20 Td). To show the parame- 
ter space in more detail, the intensity ratio solution computed in 
Fig. 7 a for sodium was expanded in Fig. 7 b over a broad range of 
temperature and field strength values (matching the above lim- 
its, but with X alk = 0 . 06 ). Contours representing the experimen- 
tal mean and standard deviation are shown, identifying a locus 
of temperature and field strength values that provide high-quality 
fits. This demonstrates that the enhancement for sodium is consis- 
tent with relatively weak microwave fields ( < 30 Td), provided the 
plume temperature is significantly lower than equilibrium temper- 
ature ( T 0  30 0 0 K). This is also consistent with the intense en- 
hancement observed during the cool post-combustion time period 
shown in Fig. 5 , where a large reduction in thermal energy, k b T 0 , 
in Eq. (9) can diminish K M+ , a change consistent with a shift to a 
higher energy (lower wavelength) transition. 
While the proposed WMIP model appears consistent with ex- 
periments, it is not free of limitations. Most immediate to the 
wavelength sensitivity analysis, the evaluation of rate coefficients 
may be incomplete, as: (1) the wavelength dependence of al- 
kali cross-sections are only crudely approximated; and (2) the 
two-term Boltzmann approximation may carry significant error for 
high-pressure molecular discharges. These limitations require fur- 
ther review. For the model, the lack of a well-prescribed temper- 
ature distribution, field strength, and alkali mole-fraction prevents 
rigorous validation, and the homogenous plume assumption must 
be tested against spatially-resolved temperature and radiance data. 
These limitations reinforce the need for further investigation with 
more capable numerical methods and improved diagnostics. 
3.5. Microwave effects on luminosity and chromaticity 
Emission from the Mg/NaNO 3 /epoxy time-series spectra were 
plotted on chromaticity diagrams ( Fig. 8 ) for three conditions: 
baseline pyrotechnic combustion without microwave illumination, 
pyrotechnic combustion with microwave illumination, and mi- 
crowave illumination of post-combustion products. Figure 8 shows 
high color purity for all three conditions. Emission for all three 
conditions is dominated by the 589 nm Na I emission (3p-3 s 
transition, Fig. 5 ) and Fig. 8 furthers shows that all three con- 
ditions produce light emission of similar dominant wavelength. 
With respect to the subtle trends in emission, with microwave il- 
lumination, emission becomes more monochromatic and follows 
the 589 nm emission line. This effect is particularly evident in 
emission post-extinguishment. Color purity of the post-combustion 
plasma light emission is found to vary more than either of the 
other two conditions, which may be due to the low intensity of 
Fig. 8. CIE 1931 chromaticity diagram showing time-resolved color and purity of 
emission from Mg/NaNO 3 /epoxy pyrotechnics (1) without microwave illumination, 
(2) with microwave illumination, and (3) emission acquired from microwave illumi- 
nation of combustion products post-extinguishment. Graybody emission at 2725 K 
and the Illuminant E point is indicated on the diagram. The dash line represents 
dominant wavelength of 589.2 nm of varying color purity. 
post-combustion emission, and amplification of noise during calcu- 
lation of the dominant color (spectrometer integration time during 
experiments was optimized for sampling during the combustion 
period rather than the post-combustion period). The chromaticity 
analysis of the Mg/NaNO 3 /epoxy formulation suggests overall that 
emission color of the pyrotechnic produced from microwave en- 
hancement is similar to that of the baseline pyrotechnic emission. 
The potassium and cesium-based systems were not analyzed be- 
cause their primary emission bands are outside the visible spec- 
trum. 
3.6. IR emission enhancement 
Measures of time-averaged IR spectral irradiance of each alkali- 
nitrate formulation ( Fig. 9 ) showed that emission enhancement 
resulting from microwave illumination of the three formulations 
extended beyond the visible spectrum and into the IR. Specifi- 
cally, enhancement of emission from Na I (0.947 μm), K I (1.048, 
1.177, and 1.415 μm), and Cs I (1.358, 1.469, 3.010, 3.490, and 
3.614 μm) electronic transitions were observed. Additionally, slight 
emission enhancement of the CO 2 (~4.2 to 4.8 μm) and H 2 O (~2.5 
to 3.0 μm) IR emission bands were observed for all formulations. 
Similar to the visible enhancement results ( Fig. 6 ), little gray 
body continuum emission enhancement was observed in the near 
infrared as a result of microwave illumination. This is in contrast 
to the high concentration of equilibrium-predicted condensed- 
phase products within the flame ( Table 1 , 31.2 to 35.2 mol.%) and 
the high equilibrium flame temperatures of compositions (2943 
to 3088 K). In similar studies involving microwave illumination 
of aluminized AP composite propellants containing NaNO 3 dopant 
[14] , continuum emission enhancement of alumina products from 
aluminum agglomerate diffusion flames was observed as a result 
of the exponentially temperature-dependent increase in aluminum 
oxide microwave absorptivity (i.e. microwave loss tangent) that 
has been observed by others [15] . The high temperature increase 
in microwave absorptivity, referred to as ‘thermal runaway’ in 
microwave sintering literature, is observed in many ceramics as 
a result of a shift in heating mechanism from dielectric at low 
414 
S.J. Barkley, J.E. Lynch, E.J. Miklaszewski et al. Combustion and Flame 225 (2021) 406–416 
Fig. 9. Time-integrated, infrared total spectral irradiance of each Mg/alkali ni- 
trate/epoxy pyrotechnic with and without microwave illumination. Species of signif- 
icant electronic atomic and molecular emission enhancements observed are noted. 
Irradiance values for each formulation are offset for presentation purposes. 
temperatures to eddy current heating at high temperature due 
to increased charge mobility at higher temperatures [42] . In the 
aforementioned propellant study, aluminum oxide exists in liquid 
phase, where its acts as an ionic conductor due to enhanced 
charge mobility [43] . Consequently, application of an electric field 
to liquid aluminum oxide can result in more efficient energy ab- 
sorption and conversion to heat. Conversely for the MgO products 
within pyrotechnic flames of this study, the MgO remains in solid 
phase due adiabatic flame temperatures that are lower than the 
melting point of MgO. Dielectric absorption of solid MgO products 
may be inefficient at pyrotechnic flame temperatures, as little 
continuum emission enhancement is observed. 
4. Conclusion 
This effort explores the effects of microwave illumination on 
the irradiance and color of Mg/alkali metal nitrate pyrotechnic 
flames, providing evidence that classic pyrotechnic formulations 
for colored illumination can be manipulated with plasma-assisted 
combustion techniques. Despite initial concerns that microwaves 
cannot penetrate pyrotechnic plumes, microwave exposure resulted 
in spectrally integrated VIS/NIR irradiance enhancement within the 
400 to 880 nm range of up to 120%. While recording little effect on 
overall color, enhancement of low-energy alkali transitions was ob- 
served long after extinguishment of the pyrotechnic through con- 
tinued microwave illumination of the combustion products. Some 
emission enhancement from molecular species were also observed 
in the IR wavelengths. 
Additionally, a working hypothesis was presented for gas- 
phase alkali emission enhancement through generation of weak 
microwave-induced plasma (WMIP). A preliminary model was 
introduced that uses this hypothesis to predict average radiance 
improvement in pyrotechnics, with results showing that a sin- 
gle temperature, field strength, and alkali density combination 
can be used to model experimental enhancement for all three 
alkali-nitrate pyrotechnics at once. Additional modeling results 
demonstrated that the experimental trend of increasing enhance- 
ment at lower wavelengths was broadly reproduced, independent 
of parameter selection. These findings can be parsimoniously 
explained by the rate balance equations for the excited-state 
alkali population, which suggests that the molecular excitation of 
alkali atoms by background gas is exponentially reduced at lower 
wavelengths ( Eq. (9) ), augmenting the effect of applied electric 
fields. This dependency may also explain why cool combustion 
products can be favorably reilluminated with microwave fields. 
These results support, but do not confirm, the WMIP hypothesis; 
more precise measurements are needed. Advances in modeling 
techniques are required to account for spectral dependence, plume 
inhomogeneity, and coupling to chemical and fluid dynamics. 
Lastly, the 2016 release of BOLSIG + was used to obtain these 
results; preliminary tests with the 2019 version indicated similar 
results can be obtained with slightly lower field strengths. 
Overall, this study investigates the ability to use microwave fre- 
quency radiation to increase flame irradiance and augment flame 
structure of an alkali-containing pyrotechnic without significantly 
altering flame color. These findings have implications for develop- 
ment of increased brightness emitters, improved pyrotechnic light 
emission efficiency, advanced pyrotechnic strobes, and develop- 
ment of on-command tuneable light emission pyrotechnics that 
may enable multi-role use, simplify pyrotechnic supply and load- 
out, and enable new pyrotechnic functionalities. The use of high 
strength E-fields to enable ‘smart’ pyrotechnics admittedly adds an 
additional layer of complexity to application. However, advances 
in microwave directed energy weapons and recent deployment 
of such systems will likely be synergistic in enabling microwave 
‘smart’ pyrotechnics. 
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